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Abstract 
Images observed with satellite sensors are affected by Earth's atmospheric layers. In order to evaluate the 
intrinsic reflectivity of various surface targets, satellite images should be corrected for atmospheric effects. If 
sensors operated in the spectral regions of UV, VIS, and NIR are considered, extinction (i.e. the sum of absorption 
and scattering) of aerosol particles are. important in addition to the Rayleigh scattering due to air molecules and 
absorption due to various molecular species such as water vapor, oxygen, ozone, carbon dioxide, etc. In this paper, 
we report recent results of long-term measurement using a VIS differential optical absorption (DOAS) 
spectrometer at CEReS. Also we describe a ground-based, wide-spectral-range sensor that derives molecular 
absorption signatures and aerosol scattering properties from simultaneous skylight observations in UV, VIS and 
NIR spectral regions. Three compact spectroradiometers operated in the wavelength range of 200-800 nm, 700-
1100 nm, and 1100- 2200 nm are employed to measure the spectral intensities under clear-sky conditions. Both 
HITRAN and MODTRAN database/codes are used to derive column amount of absorbing molecular species 
including carbon dioxide and to characterize aerosol particles. 
Keywords : DOAS; Air pollution distribution; Absorption cross section; UV, VIS and NIR spectral InGaAs 
photodiode 
1. Introduction 
In satellite measurement in the visible (VIS) spectral 
range, significant influence is exerted on the resulting images 
by aerosol distributions in the lower troposphere [ 1]. The 
scattering and absorption characteristics of aerosols play an 
important role also in the Earth' s radiation budget. Generally 
clouds and aerosols tend to reflect the solar radiation back to 
space, thus contributing to the cooling of the Earth's 
atmosphere system, though some of them absorb radiation 
and contributing to the warming effect [2]. The infrared and 
near-infrared (NIR) absorption of molecules is the main 
cause of the global warming (greenhouse). effect. Absorption 
due to carbon dioxide (CO2), methane (CH+), and other trace 
molecular species is of crucial importance, in addition to the 
large and variable effect of water vapor absorption. Since 
most of the sources/sinks of these molecules are located in 
the lower troposphere, it is beneficial if the NIR absorption 
of these so-called greenhouse gases can be monitored 
simultaneously with the gases and SPM that mainly interacts 
with radiation in the ultraviolet (UV) and visible spectral 
regions. 
The method of differential optical absorption spectro-
scopy (DOAS) provides a useful tool for the measurement of 
atmospheric pollutants by measuring optical extinction 
( absorption and scattering) over a light path having a length 
of a few kilometers [3-6]. A novel DOAS approach has been 
proposed by the CEReS group on the basis of white 
flashlights installed at tall constructions such as buildings, 
bridges, and smokestacks [ 6]. Such flashlights, known as 
aviation obstruction lights, are mandatory under regulations 
in Japan. Since Xe lamps give flashes evety 1.5 s that covers 
the whole VIS spectral range, a simple setup consisting of an 
astronomical telescope and a compact spectroradiometer 
enables the measurement of nitrogen dioxide using the 
original DOAS technique. Also, the stable intensity of the 
light source makes it possible to retrieve aerosol (SPM) 
concentrations in the lower troposphere, since the intensity 
variation of the detected light is mostly ascribable to the 
aerosol extinction over the light path [6,7]. An extension of 
the DOAS methodology is the multi-axis (MAX) DOAS 
approach, in which the spectral measurements of skylight 
(i.e. scattered solar radiation) in various elevation angles 
provide information on molecular absorption [8, 9]. Mostly 
an UV-VIS spectrometer is employed to retrieve the column 
amount of target species. 
In this paper, we describe an extended form of DOAS 
and MAX-DOAS measurement. Result of a long-term 
measurement at CEReS, Chiba University is described in 
terms of the simultaneous N0 2 · and aerosol concentration 
measurements. Molecular absorption signatures and aerosol 
scattering properties are derived from simultaneous 
MAX-DOAS (skylight) observations in UV, VIS and NIR 
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spectral regions. Both HITRAN and MODTRAN 
database/codes are used to derive column amount of 
absorbing molecular species including carbon dioxide and to 
characterize aerosol particles. 
2. Instruments 
2.1 DOAS in the visible spectral range 
Figure 1 shows the schematic of DOAS measurement 
based on ~ aviation obstruction light, situated at 5.5 km 
away from the CEReS observatory. The light source is 
equipped at the top of a smokestack (130 m tall) of a 
municipal garbage incinerator. The average height of the 
light path is approximately 80 m above the ground level (100 
m above sea level). A commercially available astronomical 
telescope (115 mm diameter, 910 mm focal length) is 
employed to focus the image of a Xe flashlamp at the 
location of the eyepiece. Instead of an eyepiece, the entrance 
of an optical fiber (400 µm core diameter) is placed and the 
other end of this fiber is connected to the slit (5 µm width) of 
a compact spectro-radiometer (Ocean Optics USB2000). 
The wavelength range of 200-800 nm is detected using a 
CCD array (2048 channels), resulting in a nominal 
wavelength resolution of 0.3 nm. After averaging 100 
flashing events (with 300 background events), one DOAS 
spectrum can be obtained in every 5 min. The wavelength 
range of 430-450 nm is used here to retrieve the N0 2 
concentration. The same wavelength range is employed to 
detect the aerosol effect from the variation of the intensity of 
the DOAS spectra. 
In order to compare with the DOAS-retrieved 
concentrations, the hourly data from a ground sampling 
station (Miyanogi), operated by the environmental section of 
the municipal government, are obtained from a website of 
the Ministry of Environment (Atmospheric Environmental 
Regional Observation System (AEROS), http://www.nies. 
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Fig. 1 Schematic ofDOAS measurement 
goJp ). It should be noted, however, that while the DOAS 
concentrations are resulting from the average over a light 
path (5.5 km), the ground sampling is carried out only at a 
point that is below the light path. Thus, the comparison is not 
necessarily to seek for complete agreement between the two 
different datasets, but to examine the similarity in the 
temporal variation of the relevant data. 
2.2 Sunphotometer 
The result of DOAS measurement is compared with the 
data taken using a sunphotometer (Pride PSF-100), an 
instrument that measures the direct solar radiation. The 
measurement is carried out automatically, and values of 
aerosol optical thickness (AOT, Ta) are measured at the 
wavelengths of368, 500, 675, and 778 nm with wavelength 
width of 5nm each. The wavelength dependence of AOT is 
analyzed with a formula 
ra(A) = B(AI A-OYA (1) 
to obtain the angstrom exponent A=<X;rng (the coefficient B is 
called the turbidity constant at the reference wavelength A()= 
550 nm.) The typical value of this parameter is unity. The 
value becomes smaller when coarse particles (with diameter 
J.auger than 2 m) are dominant, whereas it becomes larger 
when fine particles (with diameter larger than 2 µm) are 
dominant. Thus, the value of <X;mg =2, for instance, indicates 
the existence of anthropogenic fine particles such as nitric 
and sulfuric aerosols, while <X;mg =0.5, for instance, suggests 
the dominance oflarger particles such as sea salt and soil. 
2.3.UV-VIS-NIR MAX-DOAS system 
Three compact spectroradiometers operated in the wave-
length range of200-800 nm (Ocean Optics USB4000), 700-
1100 nm (Ocean Optics HR2000), and 1100- 2200 nm 
(Hamamatsu C9914GB), respectively, are employed to 
measure the spectral intensities from four directions (North, 
East, South, West) and six elevation angles (15, 30, 45, 60, 
75, and 90 deg) under clear-sky conditions. Although each of 
fiber cables for these spectroradiometers has an intrinsic 
acceptance field-of-view (FOY) angle of approximately 120 
deg, it is reduced to 5 deg to ensure better homogeneity in the 
sky radiance (scattered solar radiation, SSR) measurement. 
Homemade adaptors with shadow rings have been 
manufactured for this purpose, the inside of each adaptor 
(including the surface of rings) being covered with 
non-reflecting material. In order to achieve the simultaneous 
measurement in· a combined, wide wavelength range, the 
three tubes are bound together and placed on a tripod. The 
exposure duration is typically 100 ms for USB4000, 300 ms 
- 103 -
for HR2000, and 1 s for C9914GB. After relevant averaging, 
a set of data points can normally be obtained in a time period 
of IO min. 
3. Theory 
The analysis of the DOAS spectra is based on the 
Beer-Lambert's law expressed as 
(2) 
where I( 2) is the measured intensity, k is the system constant, 
10(2) is the unattenuated reference intensity, L is the path 
length, cr(2) is the wavelength-dependent absorption cross 
section, and n is the number density of the species averaged 
over the path length. The dimensionless quantity Lo(2)n 
represents the optical thickness, denoted as r . 
Here we describe the algorithm developed. for the 
retrieval of both the N0 2 concentration and the aerosol 
optical thickness. After the background subtraction, the 
observed light intensity Iobs(2) can be expressed as 
Herek is an empirically determined coefficient, 10(2) is the 
spectrum of the light source observed at a location close to 
the light source, Tm(2) = exp[-:'Zin(2)] is the transmittance of 
air molecules (Rayleigh scattering) [ 'Zin(2) is the molecular 
optical thickness], Ta(2) = exp[-:ra(2)] is the transmittance of 
air molecules (Mie scattering) [ r a(2) is the aerosol optical 
thickness], and TN02(2) is the transmittance representing the 
N0 2 absorption. By dividing r a(2) with the path length L, it 
is possible to estimate the average value of aerosol extinction 
coefficient, a a(2). In the present algorithm involving both 
the N0 2 and the aerosol retrieval, we first correct the 
observed spectrum Iobs(2) for the first three factors on the 
right-hand side ofEq. (3): 
I '(A) - Iobs(A) 
obs - kfo (A)Tm (A) (4) 
Combining Eqs. (3) and ( 4), we obtain 
I 0bs' (A)= exp[- ra(A)- o-(A)C] , (5) 
where C =Mis the column amount of N0 2• Moreover, if it 
is assumed that the aerosol optical thickness exhibits 
wavelength dependence as given by the Angstrom exponent, 
we obtain 
-In/obs '(A)= B(AI AorA + o-(A)C . (6) 
Removing the slowly varying contribution from Eq. (5), 
Fig. 2 Adaptor tubes for UV-VIS-NIR 
MAX-DAOS measurement 
and applying the spectral matching to the rapidly varying 
part with the laboratory cross-sectional data, we obtain the 
value of C. Then, substituting C into Eq. (5) leads to the 
~Iue of (Y...1orA. In the actual data analysis, this process 
has to be operated in an iterative way. When simultaneous 
observation is made with a sunphotometer, the resulting 
information on the Angstrom exponent can be employed for 
aerosol retrieval from DOAS data. Alternatively, it is 
possible to employ DOAS data taken on a very clear day, 
and by using this as a reference spectrum ( assumed to be 
mostly aerosol free), the spectra taken on other turbid days 
can be analyzed to obtain the aerosol quantity. 
4. Results and discussion 
4.1 Results of DOAS and sunphotometer measurements 
At the CEReS, Chiba University (35.62°N, 140.12°E, 30 
km southeast of Tokyo), long-term observation has been 
made in terms of the concentrations of nitric dioxide and 
aerosol. The monthly observation result ofN0 2 and aerosol 
concentration measurement in February 2009 is shown in 
Fig. 3. Generally the region is relatively dry in this winter 
season with small precipitation. The urban air-pollution tends 
to exacerbate because of the formation of ground inversion 
layer. Figure 3(a) shows the monthly variation of N0 2 
concentration, comparing the DOAS and ground sampling 
data. Since the DOAS light source is available only during 
the daytime (red, blinking lights are used during nighttime), 
the DOAS data are shown only for daytime. The diurnal 
variation from the ground sampling data clearly indicates 
that the N0 2 concentration tends to increase during the 
nighttime, due probably to the strong inversion layer. The 
ground sampling data are generally higher than the DOAS 
result: this can be ascribed mainly to the vertical distribution 
of the pollutants, higher near the ground level (the intake 
height of ground sampling is about 3 m), decreasing toward 
higher altitude (the average height of the DOAS light path, 
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80 m). Also, it is known that the UV fluorescence method is 
sensitive not only to N0 2, but also to other chemical species 
existing together. Figure 3(b) compares the temporal 
variation of aerosol extinction coefficient from DOAS 
[aa(l) with ,,1,= 425 nm] and the SPM concentration from 
the ground sampling. Obviously a good correlation is found 
between the two quantities. The regression between the 
DOAS optical parameter (in units of m-1) and SPM mass 
parameter (in units of glm3) leads to the mass extinction 
efficiency (MEE, in units ofm 2/g). The MEE is an important 
parameter connecting the optical and mass properties and 
aerosol particles [ 1 OJ. In the case of Fig. 3(b ), the MEE value 
can be determined to be 6.0±0.8 m2/g, a reasonable value 
for urban aerosols under diy conditions. 
Figure 3(c) shows AOT variations from DOAS and 
sunphotometer measurements. The DOAS values are 
generally larger than the sunphotometer values because of 
the difference in the light path directions, horizontal for 
DOAS and vertical for sunphotometer. Nevertheless, a 
reasonable temporal correlation is found between the DOAS 
and sunphotometer esults in Fig. 3( c ). Figure 3( d) shows the 
temperature and wind speed data observed at the CEReS site 
( on the rooftop of a 4 story building). It is seen that the 
change of wind speed becomes more significant when the 
diurnal change of the temperature is larger. Comparison with 
Fig. 3(a) suggests that the N0 2 concentration tends to 
become larger when the wind speed is lower (0-2 mis). This 
tendency can also be found for aerosol particles: higher SPM 
concentrations are found during nighttime when the wind 
speed is generally lower. It is noteworthy, however, that 
occasionally increasing aerosol concentration is found with 
higher wind speed during the daytime, as seen the data on 
lOand 23 February 2009. This is likely to be caused from 
local dust ( or sea salt) aerosol sources. 
Nighttime increase in air pollutants was observed from 
the night on 12 February to the morning on 13 February (Fig. 
4). Temporal behavior of temperature and wind speed shows 
the onset of ground inversion layer. Nocturnal increase in the 
aerosol concentration can be seen in Fig. 4(b ), which lasted 
until the noon of the following day. High concentration of 
N0 2 is seen in Fig. 4(a), but more fluctuating in the range of 
20-60ppb. 
4.2 Spectral, radiance of scattered solar radiation 
Molecular absorption spectra observed with spectro-
radiometers are shown in Fig. 6: ( a) 300-730 nm (USB4000) 
and (b) 700-1100 nm (HR2000). These clear-sky, skylight 
spectra (raw spectra, not calibrated) were observed near the 
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solar direction on 10 and 11 June 2009 ( 45° elevation, 5W 
eastward direction) at Hamamatsu (34.43°N, 137.43°E). In 
Fig. 5(a), ozone (0 3) absorption feature is seen in the UV 
part, in addition to several features due to Fraunhofer 
structures intrinsic to the solar spectra. In Fig. 5(b ), NIR 
absorption features of 0 2 (A band) and water vapor bands 
are clearly seen. The calibration and quantitative 
determination of molecular column amounts are discussed in 
a separate presentation [11 ]. A NIR spectroradiometer based 
on an InGaAs photodetector can be used to observe 
absorption bands of CO 2, a major molecular species 
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responsible for the global wanning. 
Figure 6 shows (a) observed spectrum (11:45 JSTon 10 
June 2009) and (b) simulated spectrum. The simulation is 
based on MODTRAN and HITRAN calculations. In the 
MAX-DOAS approach, the analysis ofSSR spectra taken at 
various observation directions ( elevation angles) is carried 
out by means of radiative transfer calculations. Recently, we 
have demonstrated that the combination of VIS spectra for 
direct solar radiation, aureole and SSR enables the retrieval 
of aerosol optical characterization as well as column 
amounts of water vapor and ozone [12]. The present 
combination of three spectroradiometers covers wider 
spectral ranges, and more comprehensive analysis of 
atmospheric conditions will become feasible using the 
MAX-DOAS approach. 
5. Conclusion 
In this work, we have reported recent achievement in our 
activities in DOAS and MAX-DOAS measurements. In the 
DOAS measurement of N0 2 and aerosol (SPM), the data 
observed at CEReS have been employed to investigate 
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long-term variations of urban air-pollution in the lower 
troposphere. The results of DOAS measurements are 
compared with those from sunphotometer and point 
sampling at a nearby ground station. As an extension of 
visible measurement of direct/scattered solar radiation, we 
have constructed an instrument that enables MAX-DOAS 
measurements covering a wide wavelength range of 
300-2200 nm. The instrumental calibration and related 
improvement of the radiative transfer calculation is ongoing. 
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